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Abstract 27 
Caribbean D. antillarum populations crashed following a mass-mortality event in 28 
1983-4 with cascading effects on reef health. Population restoration efforts may be hampered 29 
by unknown effects of short and long-term elevated sea surface temperature (SST). We 30 
investigated how a key behavioural trait, predator avoidance behaviour (PAB; percentage of 31 
long defensive spines that moved in response to shadow stimuli), was affected by elevated 32 
SST in 180 individuals from two contrasting Honduran reefs; Utila (flattened reef structure, 33 
dearth of predation refugia), and Banco Capiro (complex reef structure, abundant refugia). 34 
Initiation of PAB is mediated by melanin, which breaks down at elevated water temperatures, 35 
so, as SST rises, D. antillarum may become vulnerable to predation. We compared local 36 
current SST (CSST; 29.7C) with two IPCC predicted long-term climate change scenarios 37 
under laboratory conditions. PAB decreased by 13.98-15.37% at CSST +1.4C and 31.67-38 
42.44% at CSST +3.1C. Trial temperatures were similar to maxima recorded in the 39 
Caribbean during the 2016 El Niño, therefore our results also represent likely responses to 40 
worst-case short-term acute temperature anomalies. Juveniles maintained higher PAB than 41 
adults, indicating increased reliance on anti-predation behaviours. White phenotypes from 42 
Utila’s flattened reef maintained higher PAB than black counterparts, likely due to increased 43 
conspicuousness to visual predators. Habitat complexity may mitigate temperature-driven 44 
losses in natural behavioural defences. D. antillarum may be resilient to near-term (<2039) 45 
SST increases and periodic temperature stresses but may struggle under long-term, worst-46 
case scenario conditions. Restoration of D. antillarum populations must be coupled to 47 
augmented reef complexity to improve future resilience.  48 
Introduction 49 
As architects of tropical reef ecosystems (Aronson and Precht 2001; Alvarez-Filip et 50 
al. 2009), much global attention is given to the impacts of elevated temperatures in driving 51 
the breakdown of symbiosis between scleractinian coral hosts and their photosynthetic 52 
zooxanthellae (Hoegh-Guldberg 1999; Kramer and Kramer 2000; Aronson et al. 2002; 53 
Sheppard 2003; Donner et al. 2005; De’ath et al. 2009; Cantin et al. 2010). However, acute 54 
and long-term temperature increases will also interact with other factors, such as habitat 55 
degradation, to affect other reef taxa (Przeslawski et al. 2008), and these effects remain 56 
largely unstudied.  57 
Diadema antillarum, the long-spined sea urchin, is an important coral reef herbivore 58 
whose prolific grazing ability is essential for the maintenance of scleractinian coral 59 
domination throughout the Caribbean (Carpenter 1984; Liddell and Ohlhorst 1986; Macia et 60 
al. 2007). Between 1983 and 1984 a disease epidemic reduced populations by 95-100% (from 61 
1.06-14.38m-2 to <0.01m-2) across the 3.5 million km2 area of the Caribbean (Bak 1984; 62 
Lessios et al. 1984a; Lessios et al. 1984b; Hughes et al. 1985; Lessios 1988ab; Levitan 1988; 63 
Carpenter 1990; Betchel 2006), and populations remain significantly depressed across the 64 
region to this day (Chiappone et al. 2002; Edmunds and Carpenter 2001; Weil et al. 2005; 65 
Debrot and Nagelkerken 2006; Bologna et al. 2012; Bodmer et al. 2015). This mass-mortality 66 
event is closely associated with macroalgal phase shifts and subsequent habitat flattening 67 
(Alvarez-Filip et al. 2009; Roff and Mumby 2012), which has decreased the availability of 68 
refugia (Alvarez-Filip et al. 2009) and potentially left D. antillarum vulnerable to predation. 69 
Models produced by Mumby et al. (2006) predict that D. antillarum population densities 70 
>1m-2 are required for the maintenance of reef health throughout the Caribbean, therefore, 71 
augmentation of their populations, possibly through the deployment of artificial reef 72 
structures to replace lost habitat complexity, is a conservation priority throughout the region.  73 
Under natural conditions, it is likely that D. antillarum is afforded a degree of 74 
environmental protection from predation by the complex structure of the reef (Ogden et al. 75 
1973). However, individuals living on flattened contemporary Caribbean reefs with low 76 
percent cover of hard coral are likely to be more heavily reliant on direct predator avoidance 77 
behaviours; a role fulfilled by movement of their longest spines which have defensive barbs 78 
directed towards the distal end (Randall et al. 1964). Here, D. antillarum predator avoidance 79 
behaviour (PAB) is defined as the percentage of long predatory spines that move in response 80 
to a shadow stimulus. Decreases in light intensity, indicating the potential presence of a 81 
predator, evoke an excitatory response in the spines, making the individual hard to capture 82 
(Millott and Yoshida 1960a). However, PAB has an energetic cost and should be reduced in 83 
the absence of a predation threat (Millott and Yoshida 1960b), therefore increases in light 84 
intensity have an inhibitory effect on spine movement (Millott and Yoshida 1960a).  85 
The underlying physiological mechanism for this behaviour is well understood: a 86 
layer of melanin-containing photosensitive melanophores, which give D. antillarum its 87 
characteristic black colouration, surrounds the test and enables changes in the light 88 
environment to be detected (Millott 1954; Millott and Yoshida 1959). This photic response is 89 
a direct result of interactions between light and the melanophore, as light stimuli cause 90 
expansion of the melanosomes, which in turn induces a nervous signal controlling spine 91 
movement (Yoshida 1956). However, melanin loses its structure at high temperature (Millott 92 
and Jacobson 1952; Sawhney 1994), suggesting elevated sea surface temperatures (SSTs) 93 
may cause a breakdown in these essential anti-predator light-detecting mechanisms. 94 
Significant increases in SST are expected to occur on a decadal timescale and may 95 
reach values >3.5C higher than current averages by 2100 (Collins et al. 2013). Additionally, 96 
the often catastrophic thermal anomalies of El Niño Southern Oscillation (ENSO) are also 97 
predicted to become biennial events of increasing severity by 2050 (Donner et al. 2005). 98 
With a lifespan of up to 8 years (Randall et al. 1964), D. antillarum has relatively long 99 
generation times, and their capacity to adapt to both long-term gradual, and short-term acute, 100 
SST increases is likely to be limited. However, there is well documented phenotypic 101 
plasticity associated with D. antillarum melanin production (Millott 1954), and numerous 102 
ecological factors, such as wave exposure and water clarity, have been found to alter melanin 103 
distribution and concentration within an individual’s test and spines (Kristensen 1964). This 104 
phenotypic plasticity may afford individuals with a degree of resilience to rising SST via 105 
upregulation of melanin to counter breakdown associated with thermal stress. 106 
We use laboratory manipulations on natural populations to investigate how D. 107 
antillarum PAB is affected by increases in water temperature, and how this subsequently 108 
interacts with habitat and phenotype. We compare two separate populations from contrasting 109 
reef systems, representing both structurally complex and structurally simple ‘flattened’ 110 
habitat types, in order to address whether habitat complexity influences PAB. Given that D. 111 
antillarum colouration and light-detecting mechanisms are both controlled by phenotypically 112 
plastic melanin regulation, we also explore whether PAB varies between phenotype (black- 113 
and white-spined) and life-history stage (juvenile or adult) in relation to the individual’s site 114 
of origin. White-spined individuals are defined as adult urchins whose complete complement 115 
of predatory defence spines are white in colouration. Theoretically, restoration of D. 116 
antillarum is an obvious conservation target, however, to date, no studies have investigated 117 
how they will respond to predicted environmental change. The results of this study will allow 118 
conservation managers to gain better understanding of the interactions between PAB and 119 
temperature, and make decisions on population restoration initiatives based on their future 120 
survival potential. 121 
  122 
Materials and Methods 123 
Study sites 124 
Data were collected on the Honduran island of Utila and nearby mainland reef system 125 
of Banco Capiro located within Tela Bay (fig 1). Full details of study sites can be found in 126 
Bodmer et al 2015. Banco Capiro (fig 2) has a mean scleractinian coral cover of 62%, which 127 
creates a structurally complex habitat that supports one of the highest contemporary D. 128 
antillarum population densities ever recorded. Utila (fig 3), by contrast, is a typical 129 
‘flattened’ Caribbean reef system with low percentage scleractinian coral cover (15-20%) and 130 
consequently structural complexity is 25% less than at Banco Capiro (Bodmer et al 2015). 131 
Crucially, the abundance of key D. antillarum predators is similar between these two sites 132 
(Bodmer et al. 2015). 133 
 134 
Future climate change predictions 135 
The Intergovernmental Panel on Climate Change (IPCC) has recently described four 136 
new climate change scenarios, known as Representative Concentration Pathways (RCPs). 137 
Each RCP uses a different value of radiative forcing, dictated by the specific greenhouse gas 138 
(GHG) accumulation scenario being modelled, to predict the climatic changes that might 139 
occur by 2100 (Arora et al. 2011). Radiative forcing is measured in Wm-2 and is determined 140 
by the proportion of solar insolation that is trapped in the atmosphere relative to the energy 141 
radiated back into space and is, therefore, influenced by rates of GHG emission and 142 
accumulation (Van Vuuren et al. 2011). The four Representative Concentration Pathways 143 
(RCPs) are modelled on assumptions of socio-economic activity that are used to predict the 144 
extent of GHG accumulation in 2100, and they have been designed to represent a range of 145 
possible future climate change scenarios (table 1). 146 
 147 
Specimen collection and acclimatisation 148 
Trials were run between March and August 2015. 30 individuals in each of three 149 
categories (black-spined adult, white-spined adult, juvenile; Fig 4) were collected from each 150 
site giving a total sample size of 180 urchins over the six-month sampling period. Juveniles 151 
were identified by their distinctive black and white banded spines, and their possession of a 152 
test diameter <20mm (Randall et al. 1964). Four D. antillarum individuals were collected 153 
each day by a combination of snorkelling and SCUBA, and trials conducted on the same day. 154 
All individuals were returned alive to the reef within 24 hours of collection. 155 
Pseudoreplication was avoided by collecting from a different sub-site each day. When 156 
removing individuals from the reef, care was taken to ensure that minimal damage was 157 
caused to the spines and test. Once an individual was located, a 50cm length of PVC pipe 158 
(outside diameter = 2.6cm) was used to coerce them into the open. The PVC pipe was then 159 
used to lift the individual off the reef and into a container for safe storage. 160 
On returning to the laboratory, individuals were placed in to a 200L plastic holding 161 
tank where they were allowed to acclimatise for a minimum of 8 hours before trials were 162 
conducted. This short acclimatisation period was chosen to minimise stress and maximise 163 
survivorship to reduce adverse effects on populations of this key reef herbivore. Thus our 164 
trials tested the shock responses of D. antillarum to increased water temperature, and did not 165 
account for the possibility of potential short or long-term adaptation/phenotypic plasticity and 166 
our results must be interpreted in that light.  167 
 168 
Experimental setup and climate change scenarios 169 
Experimental manipulations were conducted in three transparent 64L plastic trial 170 
tanks. All tanks underwent 100% water changes daily with fresh seawater collected from the 171 
specimen collection sites. Aquarium filters (Eheim Pick Up) were installed in the holding 172 
tanks to maintain water quality overnight, but were not included in trial tanks due to the short 173 
time urchins were housed within them, and to ensure no external stimuli were present which 174 
may have influenced urchin responses. Aquarium heaters (Aquael Easy Submersible 175 
Aquarium Heater 150w) and digital thermometers (Aqua One ST-3 Electronic Thermometer) 176 
were used to achieve and maintain the required water temperature in each trial tank. 177 
Trial temperatures were based on recently described climate change scenarios from 178 
the Intergovernmental Panel on Climate Change (IPCC). They described four new scenarios, 179 
(Representative Concentration Pathways, RCPs), to predict the climatic changes that might 180 
occur by 2100 (Arora et al. 2011). Table 1 outlines the four RCPs, which range from a best-181 
case scenario (RCP 2.6) to a worst-case scenario (RCP 8.5). SST increases are subsequently 182 
expected to range from 1°C (under RCP 2.6) to >3°C (under RCP 8.5) (Collins et al. 2013). 183 
We used predicted SST increases for the Caribbean Sea/Gulf of Mexico under each 184 
RCP (Table 1; Hoegh-Guldberg et al. 2014), with one trial tank maintained as a control at 185 
29.7°C; the current annual mean peak SST (CSST) recorded off the Caribbean coast of 186 
Honduras (http://www.seatemperature.org). Experimental temperatures were then calculated 187 
by adding predicted SST increases to this CSST. The second trial tank was used to represent 188 
an intermediate/stabilising pathway (RCP 4.5; 31.1°C), while the final tank was used to 189 
represent a worst case pathway (RCP 8.5; 32.8°C). 190 
Having access to D. antillarum from both Utila and Banco Capiro also enabled us to 191 
evaluate whether the effects of rising SST are likely to be universal, or affected by the 192 
structural complexity of the population’s site of origin. It is possible that temperature and site 193 
interact to affect PAB, which has major implications for D. antillarum restoration initiatives 194 
aiming to provide artificial reef structure to stimulate recovery. 195 
 196 
Trial protocol 197 
Trials were conducted at night in a laboratory setting under artificial lighting 198 
maintained at an intensity of ca. 20 lm. The phenotype of each individual urchin was 199 
recorded and the total number of long defensive spines counted, along with individual weight 200 
(to the nearest mg) and test diameter (to the nearest mm) using long-jaw callipers. These 201 
measurements were recorded immediately after collection before individuals were placed in 202 
the holding tank to avoid inducing stress immediately prior to the trials. The predation 203 
avoidance behaviour (PAB) of each individual was then tested under each temperature 204 
scenario. Individuals were acclimated to each temperature for at least 30 mins before trials 205 
began, or until they had settled in a corner of the tank for a period of at least 10 minutes. This 206 
was done to ensure that urchins were adjusted to the heat shock and were therefore 207 
responding to the shadow stimulus and not the change in temperature.  208 
At the start of each trial a GoPro Hero 3 underwater video camera was placed in the 209 
trial tank facing the urchin and set to record for the duration of the trial. Urchins were 210 
initially exposed to ambient light conditions for 30s. A shadow was then created over the 211 
urchin using an opaque wooden board to simulate the presence of a predator, and maintained 212 
for 30s before returning the urchin to ambient light.  This was repeated three times for each 213 
urchin under each temperature scenario. The order in which individuals were exposed to the 214 
different temperature treatments was randomised ahead of each trial.  215 
 216 
Quantifying predator avoidance behaviour (PAB) 217 
Predator avoidance behaviour (PAB) was defined here as the percentage of an 218 
individual’s total spines that move in response to a shadow stimulus, and quantified visually. 219 
Test diameter was measured in order to account for any confounding effect of body size on 220 
PAB. Only the movements of the longest spines were counted because the main function of 221 
these is known to be predatory defence whereas the shorter spines are used predominantly for 222 
feeding and locomotion (Randall et al. 1964).  223 
Prior to their analysis, all 540 videos were renamed using RandomNames software. 224 
The video analyst was therefore unaware of the site of origin and climate change scenario of 225 
the urchin they were processing, thus removing any potential observer bias from the data. 226 
Video recordings were replayed in slow motion allowing accurate counts of the number of 227 
long defensive spines that moved in response to the shadow stimulus. The PAB for each 228 
simulated ‘attack’ was calculated and the means of these PAB values were used for statistical 229 
analysis.  230 
 231 
Statistical Methods 232 
PAB data were normally distributed and its relationships with climate change 233 
scenario, site and phenotype were analysed using a three-way repeated measures ANOVA 234 
with urchin number nested within climate change scenario. PAB was the continuous 235 
dependent variable, site and phenotype were nominal, fixed-effect between subject variables, 236 
and climate change scenario was a nominal, fixed-effect within subject variable.  237 
We investigated the relationship between D. antillarum body size (test diameter) and 238 
PAB in order to control for this as a confounding variable, since smaller individuals are more 239 
vulnerable to predation, and predation threats are generally considered more relevant to 240 
juveniles than adults (Clemente et al. 2007; Jennings and Hunt 2010). All data were analysed 241 
using R. 242 
 243 
Results 244 
Establishing a baseline PAB 245 
The mean PAB of black-spined adult urchins at CSST on Banco Capiro (17.39 ±0.68%) is 246 
used as a baseline for comparisons of different combinations of climate change scenario 247 
(CSST, RCP 4.5, or RCP 8.5), site (Utila, or Banco Capiro), and phenotype (black, or white). 248 
This is because black individuals on Banco Capiro are living in conditions that are most 249 
similar to those under which D. antillarum existed prior to the mass-mortality event, i.e. they 250 
are the most common phenotype, living within a dense population (>2m-2) on a reef system 251 
with a high percentage cover of hard coral (>60%). There is debate in the literature about the 252 
population densities under which D. antillarum evolved, and their relative importance as 253 
macroalgal herbivores over evolutionary timescales has been called into question (Jackson 254 
and Kaufmann 1987). However, countless studies conducted throughout the 20th century 255 
clearly document high D. antillarum population densities, and demonstrate the importance of 256 
this species for maintaining reef health on the overharvested Caribbean coral reefs of the 257 
Anthropocene. 258 
Effects of temperature, site and phenotype on PAB 259 
There was a significant negative relationship between PAB and urchin test diameter 260 
for juveniles (F1 = 4.993, p = 0.027) but not for adults (F1 = 1.808, p = 0.18) (Fig 5); 261 
therefore, all subsequent analyses dealt with these two groups separately. Juvenile analysis 262 
included test diameter as an independent variable while the analysis of adults did not. 263 
Increasing water temperature caused a decline in PAB in both age categories of 264 
urchins (Fig 6; Juveniles F2 = 4.86, p = 0.0091; Adults F2 = 15.37, p = 3.9 x 10
-7) and 265 
juvenile urchins had higher PAB than adults in all temperatures. Mean juvenile PAB declined 266 
from 24.54% (SE = 1.28) at CSST to 21.1% (SE = 1.45) under RCP 4.5 and 15.19% (SE = 267 
1.22) under RCP 8.5. Repeated measures ANOVA revealed that there was no difference in 268 
PAB of juveniles between sites overall (F1 = 0.303, p = 0.58) but the data for RCP 8.5 269 
suggested lower PAB at Utila than Banco Capiro (Fig 6). Black-spined adult PAB declined 270 
similarly to juveniles from 17.66% (SE = 0.76) at CSST to 15.09% (SE = 0.9) at RCP 4.5 to 271 
10.80% (SE = 0.87) at RCP 8.5. The percentage declines in PAB from CSST to RCP 8.5 272 
were proportionately similar: 38.1% for juveniles and 38.8% for black-spined adults. 273 
Interestingly, PAB of juveniles under RCP 4.5 was still 21.33% higher than that of black-274 
spined adults under CSST. 275 
There was no evidence of between-site differences in PAB or its response to 276 
temperature for black-spined adult urchins but the pattern differed for white-spined adults, 277 
reflected by a significant interaction between phenotype and site (F1 = 8.96, p = 0.003). 278 
White urchins from Banco Capiro (14.35 ±0.58%) displayed lower PAB than those from 279 
Utila (19.50 ±1.34%), and mean white urchin PAB on Banco Capiro (14.35 ±0.58%) was 280 
lower than that of their black counterparts (17.39 ±0.68%). However, the inverse was true on 281 
Utila where mean white-spined adult D. antillarum PAB (19.50 ±1.34%) was higher than that 282 
of the black population (17.93 ±0.84%). However, these differences were less apparent at 283 
RCP 8.5 (Fig 6). At CSST mean PAB of white-spined adults on Utila (19.50%, SE = 1.34) 284 
was almost 36% higher than those on Banco Capiro (14.35%, SE = 0.58). This difference 285 
was maintained at RCP 4.5 (15.49%, SE = 0.91, and 11.20%, SE = 0.47 respectively) but was 286 
roughly halved at RCP 8.5 (11.44%, SE = 0.92, and 9.70%, SE = 0.49). See table 2 for 287 
complete breakdown of results. 288 
 289 
Discussion 290 
Demographic influences on PAB 291 
At CSST, mean juvenile PAB is 41.12% greater than black-spined adults on Banco 292 
Capiro, and the higher PAB value is maintained even under moderate thermal stress (RCP 293 
4.5). This is not surprising, as juvenile test diameters are typically smaller than the 40mm 294 
predator escape threshold above which vulnerability is believed to decrease (Clemente et al. 295 
2007; Jennings and Hunt 2010). The need for juveniles to maintain high PAB, even under 296 
physiological stress, is far greater than for their adult counterparts. This is supported by the 297 
negative relationship observed between juvenile body size and PAB magnitude; larger 298 
juveniles can partially relax PAB in favour of the energetic benefits associated with reduced 299 
spine movement (Millott and Yoshida 1960b). However, juveniles living within the complex 300 
structure of Banco Capiro still maintain similar PAB to those on the flattened reefs of Utila, 301 
despite potentially being able to gain energetic benefits from reducing PAB on a reef that 302 
provides individuals with environmental protection. The risk of death under any given attack 303 
is much higher for juveniles than adults, and thus the energetic benefits of reducing PAB on 304 
Banco Capiro are likely to be outweighed by the ultimate price of failing to respond to a 305 
potential predation threat.  306 
On Banco Capiro, white-spined adult D. antillarum individuals have a significantly 307 
lower PAB than black-spined adults. One possible explanation relates to the developmental 308 
and environmental processes driving these phenotypic differences. Experimental 309 
manipulations have shown that adult D. antillarum will develop white spines if reared in low-310 
light environments, while also favouring shaded areas of reef during adulthood (Kristensen 311 
1964; Growns 1989). Due to reduced energy content in algae growing on shaded compared to 312 
light-exposed reef areas (Carpenter 1985; McCook et al. 2001), white-spined adult sea 313 
urchins are likely to be nutrient-limited and may therefore be unable to invest in 314 
metabolically expensive melanin production. Whilst white-spined adults appear to be less 315 
sensitive to predation stimuli, their overall vulnerability may be unaffected by this decreased 316 
PAB ability because they favour shaded, and presumably more complex, habitats. 317 
Conversely, juveniles develop black spines when reared in high-light environments 318 
(Kristensen 1964), typically when individuals settle on more exposed areas rather than within 319 
the complex coral framework. It is therefore likely that black-spined adult D. antillarum are 320 
grazing algae from light exposed reefs that have greater energy availability per unit area 321 
(Ogden and Lobel 1978) than their white-spined counterparts. Black-spined individuals may 322 
therefore be able to invest more heavily in melanin production. This investment in their light-323 
detecting sensory systems is further justified in black-spined adults because their more 324 
exposed lifestyle leaves them vulnerable to predation. 325 
For black-spined adults and juveniles the magnitude of PAB does not differ between 326 
sites, but for white-spined adults PAB is significantly greater on Utila. Unlike on Banco 327 
Capiro, white urchins on Utila are living in a flattened habitat and therefore lack abundant 328 
predation refugia. The major fish predators of D. antillarum (Ballistidae, Haemulidae and 329 
Labridae) all possess typical vertebrate visual systems comprised of image-forming eyes 330 
(Lamb et al. 2007), which rely, at least partially, on contrast for prey detection (Schuster et al. 331 
2011). Against the darker backdrop of the reef, white individuals are likely to be more 332 
conspicuous to predators in a habitat where they are less able to hide. Therefore, while black 333 
individuals on Utila are less conspicuous to predation, and both adult phenotypes on Banco 334 
Capiro are afforded environmental protection by the reef structure, white-spined adults on 335 
Utila must invest more heavily in the maintenance of their innate behavioural PAB.  336 
 337 
Elevated SSTs and their implications for restoration 338 
Across all combinations of site and phenotype, mean D. antillarum PAB was 339 
negatively affected by increases in water temperature, with the greatest reductions under the 340 
most extreme temperature trials (RCP 8.5). This suggests that D. antillarum is likely to 341 
become increasingly vulnerable to predation as climate change progresses, especially if 342 
‘worst case’ temperature models arise. Subsequent increased predation vulnerability will 343 
further hinder population recovery from the 1983-84 mass mortality event, and potentially 344 
hamper current conservation initiatives as seas warm. We find that, under RCP 8.5 345 
conditions, D. antillarum PAB will be reduced by between 32.44% and 41.33% relative to 346 
CSST. However, it is generally accepted that RCP 4.5 is a much more likely future 347 
temperature scenario (Masui et al. 2011; Thomson et al. 2011). According to our results, 348 
under RCP 4.5, smaller PAB decreases of between 14.55% and 21.95% will be seen; 349 
although this still represents a significant loss of anti-predation capability in such a threatened 350 
species.  351 
Unfortunately, our results indicate that juvenile urchins will be similarly affected by 352 
rising SST as black-spined adults. Given that juveniles are more vulnerable to predation due 353 
to their small size below the predation threshold (Clemente et al. 2007; Jennings and Hunt 354 
2010), it is likely that this decrease in PAB will translate into elevated mortality rates among 355 
younger cohorts. Previous research has already identified maturation as the key life history 356 
bottleneck to D. antillarum recovery (Williams et al. 2010 & 2011; Bodmer et al. 2015), 357 
meaning any further reduction in juvenile survival will ultimately drive Allee effects and 358 
eventual extinction. However, it is important to remember that this study has tested responses 359 
to sudden and acute thermal stress, using similar approaches to much other ecophysiology 360 
research, e.g. Eme and Bennett (2009), Eme et al. (2001) and Dabruzzi et al. (2012), and thus 361 
our results do not account for phenotypic plasticity associated with the D. antillarum 362 
melanin-regulatory system (Millott 1954). This may serve to mitigate the negative effects of 363 
rising SST on PAB, meaning this study represents a worst-case scenario and not the end of 364 
the road for conservation efforts throughout the Caribbean.  365 
It is also important to consider the temporal scale over which ocean warming will 366 
actually occur. We show that under the long-term water temperatures predicted by RCP 4.5 367 
(CSST +1.43°C), D. antillarum will likely be partially resilient with respect to the detection 368 
of, and reaction to, predators. With long-term temperature increases under RCP 4.5 greater 369 
than short-term increases under RCP 8.5 (CSST +0.83°C), we can assume that D. antillarum 370 
will be resilient to near-term SST increases across the severity range. This suggests that, at 371 
least until 2039, incremental ocean warming is unlikely to negatively impact the success of 372 
D. antillarum restoration initiatives. 373 
However, increases in the frequency and severity of El Niño anomalies means that 374 
long-term warming is not the only thermal threat to be faced. In winter 2016, average 375 
Caribbean SST was 0.5-1.5C higher than the 1981-2010 average (NOAA). Fortunately, our 376 
focus on acute temperature increases, similar to those experienced during El Niño, indicate 377 
that D. antillarum will be able to maintain PAB provided that sudden increases do not exceed 378 
~3C. In general, the severity of El Niño in the Caribbean is less than other global coral reef 379 
hotspots, and this ~3C threshold falls outside the temperature anomalies previously 380 
experienced in the region (NOAA). 381 
It has been suggested that D. antillarum conservation efforts should focus on 382 
reintroduction coupled with artificially augmented structural complexity (Bodmer et al. 383 
2015). Our results suggest that conservation interventions seeking to increase structural 384 
complexity will reduce the reliance of D. antillarum on innate behavioural PAB, and increase 385 
survivorship even in the face of worst-case scenario increases in SST. In essence, structural 386 
complexity may provide a buffer against the increased threat of predation caused by reduced 387 
PAB via melanin breakdown. Stakeholders can use this information to make informed 388 
decisions about strategies to increase the health of Caribbean coral reef ecosystems by 389 
focusing on this important species. This is in line with the IPCC’s goal of “working with 390 
scenarios…in order to consider how robust decisions or options may be under a wide range 391 
of possible futures” (Moss et al. 2010). Our results indicate that, if D. antillarum is going to 392 
recover and aid the reversal of ubiquitous macroalgal phase-shifts, they require urgent 393 
conservation attention to be buffered from climate change induced thermal stressors. 394 
 395 
Acknowledgements 396 
Funding for this work was provided by Operation Wallacea in association with Tela 397 
Marine Research Centre and Coral View Research Centre, Honduras. We would like to thank 398 
the Operation Wallacea staff and volunteers that enabled this project to be completed. Special 399 
thanks must be given to Antal and Alejandra Borcsok, Faye-Marie Crooke, Sarah Laverty 400 
and Rich Astley for their logistical support, as well as Dominic Andradi-Brown and Heather 401 
Gilbert for their valuable insights. Thank you also to Vanessa Lovenburg for providing the 402 
site map. MB, AH and AE would like to thank the Royal Geographical Society (Ralph-403 
Brown Award), the Zoological Society of London (Erasmus Darwin Barlow Expeditions 404 
fund) and the Oxford University Expeditions Council for providing funding support for 405 
research on Utila. In addition, AE would like to acknowledge a Jesus College (Oxford) 406 
Extended Research Project Grant and a Royal Geographical Society Field Apprenticeship. 407 
Lastly, would like to thank John Pearse and two anonymous reviewers for their comments 408 
that helped in improve this manuscript. 409 
 410 
Literature Cited  411 
Alvarez-Filip L, Dulvy NK, Gill JA, Cote IM, Watkinson AR (2009) Flattening of Caribbean 412 
coral reefs: region-wide declines in architectural complexity. Proc R Soc Lond B Biol Sci 413 
276:3019-3015 414 
Aronson RB, Precht WF (2001) White-band disease and the changing face of Caribbean coral 415 
reefs. In: The Ecology and Etiology of Newly Emerging Marine Diseases (pp. 25-38). 416 
Springer Netherlands. 417 
Aronson RB, Precht WF, Toscano MA, Koltes KH (2002) The 1998 bleaching event and its 418 
aftermath on a coral reef in Belize. Mar Biol 141:435-447 419 
Arora VK, Scinocca JF, Boer GJ, Christian JR, Denman KL, Flato GM, Merryfield WJ (2011) 420 
Carbon emission limits required to satisfy future representative concentration pathways of 421 
greenhouse gases. Geophys Res Lett 38(5) 422 
Bak RPM, Carpay MJE, de Rutter van Steveninck ED (1984) Densities of the sea urchin 423 
Diadema antillarum before and after mass mortalities on the coral reefs of Curacao. Mar 424 
Ecol Prog Ser 17:105-108 425 
Betchel JD, Gayle P, Kaufman L (2006) The return of Diadema antillarum to Discovery Bay: 426 
patterns of distribution and abundance. Proc 10th Inter Coral Reef Symp, 367-375 427 
Bodmer MDV, Rogers AD, Speight MR, Lubbock N, Exton DA (2015) Using an isolated 428 
population boom to explore barriers to recovery in the keystone Caribbean coral reef 429 
herbivore Diadema antillarum. Coral Reefs 34:1011-1021 430 
Bologna P, Webb-Wilson L, Connelly P, Saunders J (2012) A new baseline for Diadema 431 
antillarum, Echinometra viridis, E. lucunter, and Eucidaris tribuloides populations within 432 
the Cayos Cochinos MPA, Honduras. Gulf Caribb Res 24:1-5 433 
Cantin NE, Cohen AL, Karnauskas KB, Tarrant AM, McCorke DC (2010) Ocean warming 434 
slows coral growth in the central Red Sea. Science 29:322-325 435 
Carpenter RC (1984) Predator and population density control of homing behaviour in the 436 
Caribbean Echinoid Diadema antillarum. Mar Biol 82:101-108 437 
Carpenter RC (1985) Sea urchin mass-mortality: effects on reef algal abundance, species 438 
composition, and metabolism and other coral reef herbivores. Proceedings of the fifth 439 
international coral reef congress, Tahiti 4:53-59 440 
Carpenter RC (1990) Mass mortality of Diadema antillarum. Mar Biol 104:67-77 441 
Chiappone M, Swanson D, Miller S, Smith S (2002) Large-scale surveys on the Florida Reef 442 
Tract indicate poor recovery of the long-spined sea urchin Diadema antillarum. Coral 443 
Reefs 21:155-159 444 
Clemente S, Hernandez JC, Toledo K, Brito A (2007) Predation upon Diadema aff. antillarum 445 
in barren grounds in the Canary Islands. Sci Mar 71:745-754 446 
Collins M, Knutti R, Arblaster JM, Dufresne JL, Fichefet T, Friedlingstein P, Gao X, 447 
Gutowski WJ, Johns T, Krinner G, Shongwe M (2013) Long-term climate change: 448 
projections commitments and irreversibility.  449 
Dabruzzi, TF, Bennett WA, Rummer JL, Fangue NA (2013) Juvenile Ribbontail Stingray, 450 
Taeniura lymma (Forsskål, 1775) (Chondrichthyes, Dasyatidae), demonstrate a unique 451 
suite of physiological adaptations to survive hyperthermic nursery conditions. 452 
Hydrobiologia 701:37-49 453 
De’ath G, Lough JM, Fabricius KE (2009) Declining coral calcification on the Great Barrier 454 
Reef. Science 323:116-119 455 
Debrot A, Nagelkerken I (2006) Recovery of the long-spined sea urchin Diadema antillarum 456 
in Curacao (Netherlands Antilles) linked to lagoonal and wave sheltered shallow rocky 457 
habitats. Bull Mar Sci 79:415-424 458 
Donner SD, Skirving WJ, Little CM, Oppenheimer M, Hoegh-Guldberg O (2005) Global 459 
assessment of coral bleaching and required rates of adaptation under climate change. Glob 460 
Chang Biol 11:2251–2265 461 
Edmunds P, Carpenter RC (2001) Recovery of Diadema antillarum reduces macroalgal cover 462 
and increases abundance of juvenile corals on a Caribbean reef. Proc Natl Acad Sci USA 463 
98:5067-5071 464 
Eme J, Bennett WA (2009) Critical thermal tolerance polygons of tropical marine fishes from 465 
Sulawesi, Indonesia. J Therm Biol 34:220-225 466 
Eme J, Dabruzzi TF, Bennett WA (2011) Thermal responses of juvenile squaretail mullet (Liza 467 
vaigiensis) and juvenile crescent terapon (Terapon jarbua) acclimated at near-lethal 468 
temperatures, and the implications for climate change. J Exp Mar Biol Ecol 399:35-38 469 
Growns J (1989) Some evolutionary and ecological implications of colour variation in the sea 470 
urchin Heliocardis erthrogramma (Doctoral dissertation, University of Tasmania) 471 
Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world’s coral 472 
reefs. Mar Freshwater Res 50:839-866 473 
Hoegh-Guldberg O, Cai ES, Poloczanska PG, Brewer S, Sundby K, Hilmi VJ, Fabry, Jung, S. 474 
(2014) The ocean - supplementary material. In: Climate Change 2014: Impacts, 475 
Adaptation, and Vulnerability. Part B: Regional Aspects. Available from www.ipcc-476 
wg2.gov/AR5 and www.ipcc.ch 477 
Hughes TP, Keller BD, Jackson JBC, Boyle MJ (1985). The mass mortality of the Echinoid 478 
Diadema antillarum Philippi in Jamaica. Bull Mar Sci 36:377-384 479 
Jackson JBC, Kaufmann KW (1987) Diadema antillarum was not a keystone predator in 480 
cryptic reef environments. Science 235:687-689 481 
Jennings LB, Hunt HL (2010) Settlement, recruitment and potential predators and competitors 482 
of juvenile echinoderms in the rocky subtidal zone. Mar Biol 157:307-316 483 
Kramer, PA, Kramer, PR (2000) Ecological status of the Mesoamerican Barrier Reef System: 484 
impacts of hurricane Mitch and 1998 coral bleaching. University of Miami 485 
Kristensen I (1964) Low light intensity inducing cave characteristics in Diadema. Association 486 
of Island Marine Laboratories of the Caribbean. (Fifth Meeting, Bimini, 1963): 15-16 487 
(abstract). 488 
Lamb TD, Collin SP, Pugh EN.  (2007) Evolution of the vertebrate eye: opsins, 489 
photoreceptors, retina and eye cup. Nat Rev Neurosci 8:960-976 490 
Lessios HA, Cubit JD, Robertson DR, Shulman MJ, Parker MR, Garrity SD (1984a) Mass 491 
mortality of Diadema antillarum on the Caribbean coast of Panama. Coral Reefs 3:173-492 
182 493 
Lessios HA, Robertson DR, Cubit JD (1984b) Spread of Diadema mass mortality through the 494 
Caribbean. Science 226:335-337 495 
Lessios HA (1988a) Population dynamics of Diadema antillarum (Echinodermata: 496 
Echinoidea) following mass mortality in Panama. Mar Biol 99:515-526 497 
Lessios, HA (1988b) Mass mortality of Diadema antillarum in the Caribbean: what have we 498 
learned? Annu Rev Ecol Syst 371-393 499 
Levitan DR (1988) Algal-urchin biomass responses following mass mortality of Diadema 500 
antillarum Philippi at St John, U.S. Virgin Islands. J Exp Mar Bio Ecol 119:167-178 501 
Liddell WD, Ohlhorst SL (1986) Changes in benthic community composition following the 502 
mass mortality of Diadema at Jamaica. J Exp Mar Bio Eco 95:271-278 503 
Macia S, Robinson MP, Nalevanko A (2007) Experimental dispersal of recovering Diadema 504 
antillarum increases grazing intensity and reduces macroalgal abundance on a coral reef. 505 
Mar Ecol Prog Ser 348:173-182 506 
Masui T, Matsumoto K, Hijioka Y, Nozawa T, Ishiwatari T, Kainuma M (2011) An emission 507 
pathway for stabilization at 6 Wm-2 radiative forcing. Clim Change 109:59-76 508 
McCook L, Jompa J, Diaz-Pulido G (2001) Competition between corals and algae on coral 509 
reefs: a review of evidence and mechanisms. Coral Reefs 19:400-417 510 
Millott N (1954) Sensitivity to light and the reactions to changes in light intensity of the 511 
echinoid Diadema antillarum Philippi. Philos Trans R Soc Lond B Biol Sci 238:187-220 512 
Millott N, Jacobson FW (1952) The occurrence of melanin in the sea-urchin, Diadema 513 
antillarum Philippi. J Invest Dermatol 18:91-95 514 
Millott N, Yoshida M (1959) The photosensitivity of the sea urchin Diadema antillarum 515 
Philippi: responses to increases in light intensity. Proc Zool Soc Lond 133:67-71 516 
Millott N, Yoshida M (1960a) The shadow reaction of Diadema antillarum Philippi I. The 517 
spine response and its relation to the stimulus. J Exp Biol 37:363-375 518 
Millott N, Yoshida M (1960b) The shadow reaction of Diadema antillarum Philippi II. 519 
Inhibition by light. J Exp Biol 37:376-389 520 
Moss RH, Edmonds JA, Hibbard KA, Manning MR, Rose SK, Van Vuuren DP, Wilbanks TJ 521 
(2010) The next generation of scenarios for climate change research and assessment. 522 
Nature 463:747-756 523 
Mumby PJ, Hedley JD, Zychaluck K, Harborn AR, Blackwell PG (2006) Revisiting the 524 
catastrophic die-off of the urchin Diadema antillarum on Caribbean coral reefs: fresh 525 
insights on resilience from a simulation model. Ecol Modell 196:131-148 526 
Ogden JC, Brown RA, Salesky N (1973) Grazing by the echinoid Diadema antillarum 527 
Philippi: formation of halos around West Indian patch reefs. Science 182: 715-717 528 
Ogden JC, Lobel PS (1978) The role of herbivorous fishes and urchins in coral reef 529 
communities. Environ Biol Fishes 3:49-63 530 
Przeslawski R, Ahyong S, Byrne M, Wordheide G, Hutchings P (2008) Beyond corals and 531 
fish: the effects of climate change on non-coral benthic invertebrates of tropical reefs. 532 
Glob Chang Biol 14:2773-2795 533 
Randall JE, Schroeder RE, Starck WA (1964) Notes on the biology of the echinoid Diadema 534 
antillarum. Caribbean J Sci 4:1-433 535 
Roff G, Mumby P (2012) Global disparity in the resilience of coral reefs. Trends Ecol Evol 536 
27:404-504 537 
Sawhney SS (1994) Thermal stability of melanin. Thermochim Acta 247: 377-380 538 
Schuster S, Machnik P, Schulze W (2011) Behavioural assessment of the visual capabilities of 539 
fish. In: Farrell, A.P., (ed.), Encyclopedia of Fish Physiology: From Genome to 540 
Environment, volume 1, pp. 143-149. San Diego: Academic Press. 541 
Sheppard CRC (2003) Predicted recurrences of mass coral mortality in the Indian Ocean. 542 
Nature 425:294–297 543 
Thomson, AM, Calvin KV, Smith SJ, Kyle GP, Volke A, Patel P, Edmonds JA (2011) 544 
RCP4.5: a pathway for stabilization of radiative forcing by 2100. Clim Change 109:77-94 545 
Van Vuuren DP, Edmonds J, Kainuma M, Riahi K, Thomson A, Hibbard K, Rose SK (2011) 546 
The representative concentration pathways: an overview. Clim Change 109:5-31 547 
Weil E, Torres JL, Ashton M (2005) Population characteristics of the sea urchin Diadema 548 
antillarum in La Parguera, Puerto Rico, 17 years after the mass mortality event. Rev Biol 549 
Trop 53:219 550 
Williams SM, Yoshioka PM, Garcia-Sais JR (2010) Recruitment pattern of Diadema 551 
antillarum in La Parguera, Puerto Rico. Coral Reefs 29:809-812 552 
Williams SM, Garcia-Sais JR, Yoshioka PM (2011) Spatial variation of Diadema antillarum 553 
settlement in La Parguera, Puerto Rico. Bull Mar Sci 87:531-540 554 
Yoshida M (1956) On the light response of the chromatophore of the sea-urchin, Diadema 555 
setosum (Leske). J Exp Biol 33:119-123 556 
 557 
Table 1. Data extracted from table SM30-4, section 7 “Coral Reef Provinces”, row 1 558 
“Caribbean Sea/Gulf of Mexico” (Hoegh-Guldberg et al. 2014).  559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
 571 
 572 
Climate Change 
Scenario 
Predicted near-
term (2010-2039) 
increases in SST 
(°C) 
Predicted long-
term (2010-2099) 
increases in SST 
(°C) 
Pattern of radiative forcing value 
increase 
Likelihood of occurrence 
RCP 2.6 (best-case) 0.48 0.68  Mid-century peak at 3.1Wm-2 
 Decrease to 2.6 Wm-2 by 2100  
 Unlikely 
 Requires immediate GHG emission 
reduction on a global scale 
RCP 4.5 (stabilising) 0.64 1.43  Rise to 4.5Wm-2 by 2100 
 No further increases 
 Moderately likely; radiative forcing 
peaks in 2040 and then plateaus 
 Would require immediate 
cooperation and coordination 
between the world’s governments 
RCP 6.0 (stabilising) 0.61 1.87  Rise to 6.0Wm-2 by 2100 
 No further increases 
 Most likely; radiative forcing peaks 
in 2080 and then plateaus 
 Pressure put on governments to 
address climate change issues will 
likely cause GHG emission 
reductions, but time is required to 
coordinate the effort 
RCP 8.5 (worst-case) 0.83 3.14  Rise to 8.5Wm-2 by 2100 
 Continue unabated into 22nd 
century 
 Unlikely 
 Requires GHG emissions to 
continue at current rates; concerted 
efforts are already being made to 
reduce them 
573 
Figure 1. Site map showing the locations of Utila and Tela Bay, Honduras. 574 
 575 
Figure 2. Landscape photograph of Utila showing ‘typically’ low hard coral cover and 576 
associated lack of habitat structure. Photo credit: Adam Laverty. 577 
 578 
Figure 3. Landscape photograph of Banco Capiro showing the high percent cover of hard 579 
coral and resultant architectural complexity. Photo credit: Dan Exton. 580 
 581 
Figure 4. Panel photograph of D. antillarum adult and juvenile phenotypes. Far-left = black-582 
spined adult, bottom-right = white spined adult, top-left = juvenile. 583 
 584 
Figure 5. Relationship between urchin body (test) size and predator avoidance behaviour 585 
(PAB) in juvenile (black points) and adult (grey points) urchins. Plotted lines are least-586 
squares regression lines.  587 
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 596 
 597 
Figure 6. Predator avoidance behaviour (PAB) of Diadema antillarum of three categories 598 
(black-spined adult phenotype, white-spined adult phenotype and juvenile), across two sites 599 
(Utila: flattened reef and Banco Capiro: complex reef), under conditions simulating three 600 
different IPCC climate change scenarios (CSST = 29.7C, RCP 4.5 = 31.13C, and RCP 8.5 601 
= 32.84C). Grey horizontal lines represent a baseline for comparison set as the mean PAB of 602 
black-spined adult D. antillarum on Banco Capiro under CSST. Vertical lines represent 603 
±1SE. 604 
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